Single nucleotide polymorphisms (SNPs) and copy number variants (CNVs) are found at different rates 28 in human cancer. To determine if these genetic lesions appear in Drosophila tumours we have 29 sequenced the genomes of 17 malignant neoplasms caused by mutations in l(3)mbt, brat, aurA, or lgl. 30 We have found CNVs and SNPs in all the tumours. Tumour-linked CNVs range between 11 and 80 per 31 sample, affecting between 92 and 1546 coding sequences. CNVs are in average less frequent in 32 l(3)mbt than in brat lines. Nearly half of the CNVs fall within the 10 to 100Kb range, all tumour samples 33 contain CNVs larger that 100 Kb and some have CNVs larger than 1Mb. The rates of tumour-linked 34 SNPs change more than 20-fold depending on the tumour type: late stage brat, l(3)mbt, and aurA and 35 lgl lines present median values of SNPs/Mb of exome of 0.16, 0.48, and 3.6, respectively. Higher SNP 36 rates are mostly accounted for by C>A transversions, which likely reflect enhanced oxidative stress 37 conditions in the affected tumours. Both CNVs and SNPs turn over rapidly. We found no evidence for 38 selection of a gene signature affected by CNVs or SNPs in the cohort. Altogether, our results show 39 that the rates of CNVs and SNPs, as well as the distribution of CNV sizes in this cohort of Drosophila 40 tumours are well within the range of those reported for human cancer. Genome instability is therefore 41 inherent to Drosophila malignant neoplastic growth at a variable extent that is tumour type dependent. 42 43 AUTHOR SUMMARY 44
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All tumour samples in the cohort present a nearly diploid balance of chromosome stoichiometry (i.e 1X, 1Y, 2A 137 in males; 2X, 2A in females). Most of the Y chromosome cannot be quantified due to the abundance of low 138 complexity sequences and transposable elements (TEs). However, in all tumour samples derived from male 139 larvae the coverage of the repeat-free kl-2 gene region is very close to half of the mean coverage of the major 140 autosomes, regardless of the stage of tumour growth. This result strongly suggests that unlike male cell lines, 141 which often loose the entire Y [27] , this chromosome is efficiently maintained in Drosophila tumours. The Y 142 chromosome encodes only a handful of genes, all of them male fertility factors with no known function in the 143 soma and, indeed, X/0 males are viable. However, the Y chromosome heterochromatin has a major impact on 144 epigenetic variation and in modulating the expression of biologically relevant phenotypic variation [28] . 145 Similarly, unlike Drosophila cell lines where widespread loss or gain of the entire chromosome 4 has been 146 reported [27] , we have only observed three cases of large segmental aneuplodies for this chromosome in our 147 entire cohort: a deletion (-1) uncovering 93% of the euchromatin and two duplications (+1) covering 79% and 148 91% of the euchromatin of chromosome 4, respectively. As in many types of human cancer, karyotype changes 149 have been observed in allografts from various larval brain tumours [29] . In flies, these changes do not appear 150 to be sufficient to drive tumourigenesis [30, 31] , but it is not known if they are involved in tumour progression. 151 Our results suggest that specific aneuploid combinations are not selected during tumour progression. CNVs in tumour samples are larger than those found in Drosophila cell lines, and turn over rapidly. 154 CNV size distribution is highly skewed and notably different between duplications and deletions ( Fig. 3A ).
155
Nearly half of the CNVs (49% of duplications and 47% of deficiencies) fall within the 10 to 100Kb range, but for 156 those <10Kb, deletions and duplications account for 47% and 12% of the total, while in the >100Kb range the 157 corresponding figures are 6% and 39% respectively. Indeed, most (85%, n=20) of the largest CNVs (≥500Kb) 158 are amplifications that appeared at or after T5 (Table S1 ).
160
The total length of genomic sequences affected by gains in each tumour sample is quite significant, ranging 161 between 180 Kb and 9.5 Mb. All but one of the 17 samples are affected by duplications covering more than 0.5 162 Mb. Deletions cover smaller, but still significant regions ranging from 60 Kb to 5.1 Mb. 15 out of 17 samples 163 present deletions covering more than 100 Kb (Fig. 3B ). Genomic sequence length correlates tightly with the 164 7 of 23 number of coding sequences affected by copy number variation ( Fig. 3B ). In the entire cohort the number of 165 genes affected by duplications or deletions range from 40 to 1404 and 9 to 773, respectively. In 11 out of the 166 total 17 samples, duplications affect more than 100 genes and deletions affect more than 30 ( Fig. 3B ).
168
Enrichment analysis of the genes duplicated in at least one sample and not deleted in any, shows only 169 proteinaceous extracellular matrix (GO:0005578) as significantly overrepresented, and no GO term was found 170 to be under-represented (Table S2 ). Proteinaceous extracellular matrix is part of the GO term extracellular 171 region (GO:0005576) that was found to be overrepresented in wild type strains [32] . Enrichment analysis of the 172 genes deleted in at least one sample and not duplicated in any shows that the terms nucleosome assembly 173 (GO:0006334), nuclear nucleosome (GO:0000788), and DNA-templated transcription initiation (GO:0006352), 174 are significantly overrepresented, and no GO term was found to be under-represented (Table S2 ). However, 175 "nuclear function", which includes nuclear nucleosome and nucleosome assembly was found to be under-176 represented in duplicated fragments in wild type strains [32] .
178
The range of CNV sizes found in the tumour cohort is similar to those reported in Drosophila cell lines, and 179 much larger than those found in wild type natural population and laboratory-adapted strains where 95% of the 180 variants are shorter than 5 Kb and the largest duplicated and deleted regions are only 12 kb and 33 kb long, 181 respectively [32] [33] [34] [35] . Moreover, unlike Drosophila strains where CNVs affect more frequently regions that do 182 not contain coding sequences [32] [33], 97% of the CNVs found in our tumour cohort affect coding sequences.
183
The range of CNVs length in our tumour cohort is also much larger than those found in a Drosophila epithelial 184 tumour caused by the loss of polyhomeotic (ph) [14] and similar to the 0.5 kb -85 Mb range found in human To get an estimate of the rate of turnover of CNVs, we plotted those that appear at any given T together with 188 those that overlap in at least 1 Kb with CNVs found at the previous time point ( Fig. 3C ). New variants, both 189 amplifications and deletions, appear at each time point, but are diluted at a greater or lesser extent at later 190 stages of tumour growth: the fraction of duplication and deletions passed on from T0 to T10 is within the 5 to 191 70% range, with no major differences between deficiencies and duplications. More than a third of the total 192 8 of 23 number of CNVs found at any given T were not present at earlier time points. An interesting case reflecting the 193 rate of CNV turnover is that of the pair mbtL2 T10A and T10B. These two samples, which were originated by 194 splitting the mbtL2 line at T9, contained 11 and 12 CNVs respectively of which 8 were common to both lines, 195 thus illustrating a case in which CNVs arise in a single round of transplantation. In total, deficiencies and 196 duplications inherited from T0 account for 7 and 14% of those present at the last round of allograft, 197 respectively.
199
Three main conclusions can be derived from our results. Firstly, compared to those reported in Drosophila wild 200 type strains, CNVs in our tumour cohort are much more abundant and larger and appear much faster, over a 201 period of weeks rather than years. Such a high rate of interstitial aneuploidy strongly suggests that one or more 202 of the pathways that prevent the formation of interstitial aneuploidies are significantly compromised in these 203 tumours, more in brat than in l(3)mbt. Secondly, neither number nor size distribution appear to correlate with 204 the stage of tumour growth. This observation strongly argues that the cause of the GI that originates CNVs is 205 concomitant with the onset of neoplastic malignant growth. Finally, their rather random distribution among 206 tumour types and rounds of allografting, rapid turn over, and absence of hotspots shared among different lines 207 suggest that CNVs behave like passengers rather than drivers in these tumours.
209
SNPs rates are tumour-type and tumour-age dependent. 210 We used MuTect to call somatic nucleotide polymorphisms (SNPs) between each tumour sample and the non-211 tumoural tissues of the corresponding larvae ( Fig. 4A ; Table S3 ). SNPs in TEs or low complexity sequences 212 were not taken into consideration for further analysis. We found SNPs in all tumour samples, at rates that are 213 tumour type and tumour age-dependent. Total SNP numbers at T0 range between 27 and 76 among all tumour 214 lines and remain unchanged at later time points in the two brat lines (range=26-57). However, SNP burden 215 increases to a range between 95 and 218 in the l(3)mbt lines and even more, up to 8-fold compared to T0, in 216 the aurA and lgl lines (range=385-476)( Fig. 4B) . A previous report carried out by comparing tumour and control 217 tissue to the Drosophila reference genome found no evidence of tumour-linked SNPs in one sample of 218 allografted Ph tumour at T4 [14] . Using our own SNP calling strategy to directly compare the published tumour 219 9 of 23 and control gDNA sequence we identify 20 tumour-linked SNPs, which is similar to the rate that we have found 220 in the brat lines, the ones with the smallest number of SNPs within our cohort.
222
Most of the differences in the total number of SNPs among the tumour samples of our cohort are accounted for 223 by C>A (G>T) transversions (Fig. 4B , pale blue) to the extent that such differences among tumour lines at late 224 time points become not significant if these two types of SNPs are removed. Indeed, the increase of C>A 225 transversions becomes particularly notorious at later time points in aurA and lgl tumour lines where they 226 account for more than 88% of all SNPs (Table S3 ). Importantly, applying the method described by Costello et 227 al.
[37], we were able to discard the possible artifactual origin (i.e. DNA oxidation during the processing of the The SNPs found in our cohort are scattered over the chromosomes and, unlike CNVs, they are not more 237 frequent in the X chromosome than in the autosomes (Fig. 4A, C) . The lower rate of mean SNPs/Mb in all 238 chromosomes in female samples may simply reflect the fact that the bratL1 and bratL2 lines, which present the 239 lowest incidence of SNPs, are female and account for most (5/7) of the female samples of the cohort. By 240 analysing groups of SNPs separated by at most 50Kb we identified 96 regions where SNPs appear to be 241 significantly (p≤0.001) clustered in each tumour line (Table S4 ). However, none of our tumour samples showed 242 any evidence of a "mutator phenotype" following [42] . The longest consecutive series of such clusters (about 243 400 Kb) maps to a chromosomal region that presents overall enrichment of SNPs, and that spans 3Mb in 3R. SNPs rates in Drosophila brain tumours are within the range reported for human tumours. 249 To compare the rate of SNPs in our tumour cohort to those reported for human tumours [43] we determined the 250 frequency of the various types of SNPs classified by their localisation in the corresponding gene and deduced 251 the rate of SNPs per Mb in the fraction of the exome that is sufficiently covered for significant SNP calling, 252 considering only those SNPs with a minimum alternative allele frequency of 0.1 (Table S6 ). For tumour lines 253 with more than 100 SNPs, the fraction of SNPs falling in the exome ranges between 15 and 34% of which more 254 than 60% affect protein sequence. The corresponding percentages are not significant in the lines that present Malignancy traits are known to worsen over time in the tumours of our cohort: the later the round of 262 implantation the higher the percentage of allografts that develop as tumours, and the shorter the life 263 expectancy of implanted hosts [29, 30] . This observation strongly suggest the acquisition of driver mutations as 264 tumours age. Such is the case in many human cancer types [9] [44] as well as in established Drosophila cell 265 lines which acquire pro-proliferation and anti-apoptotic mutations [27] . However, we have found no genes 266 mutated in more than one tumour line, not even among those with the highest rates of SNPs. Moreover, the 267 fraction of SNPs that are passed on to later time points is very small ranging between 9 and 24 from T0 to T5 268 and between 0 and 8 from T5 to T10 (Table S6 ). Thus, for instance, only 3% of the 476 SNPs found in lgl T5 269 were passed on to lgl T10. Altogether, these results do not support the presence of driver mutations in the 270 cohort that we have analysed. The point has to be made, however, that for detection of driver genes in human 271 cancer, sample sizes are much larger than ours, in the order of hundreds per tumour type [45] . Therefore, the 272 fact that our data does not reveal driver mutations in our cohort of Drosophila larval brain tumours does not rule 273 out their existence. In summary, we have found that Drosophila larval brain malignant neoplasms with diverse origin present 276 different SNP burdens that are well within the range of SNPs rates reported for human cancer. The very low 277 percentage of SNPs passed on to later time points and the absence of genes mutated in more than one line 278 strongly argues that, like CNVs, tumour-linked SNPs are passenger mutant. The very predominant 279 transvections are likely to result from enhanced oxidative stress conditions that are linked to tumour growth. Allografts and DNA isolations. 293 Allografts were performed as previously described [7] with minor modifications. Single optic lobes from 3 rd 294 instar larvae were dissected and injected into the abdomen of w 1118 adult females. Flies were monitored daily 295 and tumours were dissected out when they filled the abdomen of the host. Dissected tumours were 296 resuspended in 100μl of PBS. An aliquot of 5μl of the tumour cell suspension was re-implanted in a new host 297 and the remaining 95μl were processed for DNA isolation by standard lysis-ethanol precipitation, RNAse 298 treatment, and beads-purification (Agencourt AMPure XP, Beckman Coulter). DNA from non-tumour larval 299 tissues was isolated following the same protocol. Filtering, normalization, segmentation and CNV calling. 318 We downloaded mappability information for the dm3 genome version from and converted coordinates to the 319 dm6 version using the liftOver tool in [51] . Mean GC content was computed for each 1kb bin from the dm6 320 genome version. Table S1 . 611 Catalogue of CNVs found in the cohort. Table S3 . 617 Catalogue of SNPs found in the cohort. Table S5 . 623 SNPs types found in the cohort. Table S6 . 626 Percentage SNPs passed on to later time points.
